C ardiovascular disease is the major cause of morbidity and mortality in developed countries. 1, 2 Although percutaneous coronary intervention therapy for acute myocardial infarction (MI) is effective in reducing cardiovascular events and mortality, chronic heart failure after MI still remains as a serious complication, which is linked to poor prognosis. 1 Adverse cardiac remodeling characterized by left ventricular dilatation, myocardial apoptosis and hypertrophy, and interstitial fibrosis occurs after MI and contributes to the development of heart failure. 3 angiogenic response of cultured endothelial cells via activation of Akt-endothelial nitric oxide synthase (eNOS) signaling pathways. 5 Furthermore, NDNF modulates the endothelial cell response, at least in part, through integrin-dependent mechanisms. 5 Thus, NDNF may act as a vascular protective factor that is secreted from skeletal muscle. However, it is unclear whether NDNF influences the pathological processes of the heart. Here, we investigated the impact of NDNF on cardiac remodeling after experimental MI.
Methods
An expanded Methods section can be found in the Data Supplement.
Mouse Models of Myocardial Infarction, Ischemia Reperfusion Injury, and Pressure Overload
Male C57BL/6J wild-type (WT) mice aged 10 weeks were subjected to MI surgery as previously described. 6 Briefly, the left anterior descending coronary artery was permanently ligated with 8-0 nylon suture after mice were intraperitoneally anesthetized with sodium pentobarbital (50 mg/kg).
In some experiments, WT mice were subjected to myocardial ischemia reperfusion (I/R) as previously described. 7 Briefly, the left anterior descending coronary artery was ligated for 60 minutes with a suture using a snare occluder and then loosed. In some experiments, WT mice were subjected to cardiac pressure overload induced by transverse aortic constriction operation. In brief, the chest was opened, and the thoracic aorta was identified after blunt dissection through the intercostal muscles. A 7-0 silk suture was placed around the transverse aorta and tied around a 24-gauge blunt needle, which was then removed as previously described. 8 Adenoviral vectors expressing NDNF (Ad-NDNF) or Ad-β-gal (2×10 9 plaque-forming units/mouse) was injected into 5 different sites of adductor muscle in left hindlimb 3 days before the surgery. Study protocols were approved by the Institutional Animal Care and Use Committee at Nagoya University.
Statistical Analysis
Data are shown as mean±SE Differences between 2 groups were evaluated by the Student t test. Differences among >3 groups were evaluated by ANOVA with Tukey Kramer's test. A P value <0.05 denoted the presence of a statistically significant difference. All statistical calculations were performed by using SPSS for Windows.
Results

Intramuscular Overexpression of NDNF Ameliorates Cardiac Function After MI
To investigate the effect of skeletal muscle-derived NDNF on cardiac remodeling and ventricular function post MI, Ad-NDNF or control Ad-β-gal was injected into adductor muscle of left hindlimb of WT mice 3 days before sham or MI surgery. Ad-NDNF increased plasma levels of NDNF of WT mice by a factor of 3.2±0.1 at 2 weeks after sham operation compared with control ( Figure 1A Ad-NDNF also led to a 3.1±0.2-fold increase in plasma NDNF level at 2 weeks after MI surgery. There were no differences in plasma NDNF levels between sham-and MI-operated mice after control adenoviral injection. Ad-NDNF-treated mice exhibited reduced heart weight/body weight ratio at 2 weeks after MI compared with control mice ( Figure 1B ). Ad-NDNF treatment had no effects on heart weight/body weight ratio in sham-operated mice. Echocardiography was performed to assess cardiac dilatation, and function in control and Ad-NDNF-treated mice at 2 weeks after MI or sham operation. Ad-NDNF-treated mice showed decreased left ventricular diastolic diameter (LVDd) and increased fractional shortening (FS) at 2 weeks post MI compared with control mice ( The effect of NDNF on cardiac function was also evaluated in a mouse model of myocardial I/R. Administration of Ad-NDNF to WT mice resulted in a 3.0±0.3-fold increase in plasma NDNF level at 4 weeks after I/R compared with control treatment ( Figure IB in the Data Supplement). Ad-NDNFtreated mice exhibited decreased LVDd and increased FS at 4 weeks after I/R compared with control mice ( Table III in the Data Supplement). Furthermore, administration of Ad-NDNF to WT mice led to decreased LVDd and increased FS at 6 weeks after transverse aortic constriction with a 3.1±0.1-fold increase in circulating NDNF when compared with control vector treatment ( Figure IC ; Table IV in the Data Supplement).
NDNF Treatment Enhances Capillary Density and Reduces Myocardial Apoptosis and Interstitial Fibrosis
To evaluate the extent of myocardial infarct size after chronic ischemia, heart tissues were stained with Masson's trichrome. Although Ad-NDNF treatment seems to attenuate LV dilatation at 2 weeks post MI, there were no statistically significant differences in the ratio of total infarct length/total LV circumstance between control and Ad-NDNF-treated WT mice ( Figure 2A ). Because an increase in coronary angiogenesis contributes to improvement of pathological cardiac remodeling, [9] [10] [11] capillary density in peri-infarct areas was assessed by CD31 staining. Ad-NDNF administration increased the numbers of CD31-positive cells at the border zone of infarct hearts in WT mice at 2 weeks after MI, but not in sham-operated mice when compared with control treatment ( Figure 2B ).
Because apoptosis is a key feature during the progression of heart failure after MI, 12 the extent of cardiomyocyte apoptosis was evaluated by double staining of histological sections from the remote zone of infarct hearts with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and the cardiomyocyte marker sarcomeric actinin. Ad-NDNF treatment reduced the frequencies of TUNEL-positive cardiomyocytes in the remote area in WT mice at 2 weeks after MI compared with control treatment, whereas little or no TUNEL-positive cells were detected in the hearts of control and Ad-NDNFtreated mice after sham operation ( Figure 2C ). To further evaluate the fibrotic changes in the heart after MI, Picrosirius red staining was performed on sections from the remote zone of infarcted hearts. Ad-NDNF treatment reduced the area of interstitial fibrosis at the remote zone from infarct hearts of WT mice at 2 weeks after MI compared with control, whereas little fibrotic lesions were observed in the hearts of control and Ad-NDNF-treated mice after sham operation ( Figure 2D ).
To assess the extent of cardiomyocyte hypertrophy after MI, wheat germ agglutinin staining was performed on sections from the remote zone of infarcted hearts. Ad-NDNF treatment reduced the cardiomyocyte cross-sectional area in the remote areas of post-MI hearts in WT mice compared with control treatment, whereas no statistically significant difference was observed in cardiomyocyte size between control and Ad-NDNF-treated mice after sham operation ( Figure 2E ). Ad-NDNF significantly suppressed the expression of markers of cardiac hypertrophy, including atrial natriuretic factor and brain natriuretic peptide, in post-MI hearts, but not in sham-operated hearts ( Figure II in the Data Supplement). Furthermore, the expression of fibrotic makers, including transforming growth factor-β1, collagen I, and collagen III, was significantly reduced in the post-MI hearts of Ad-NDNFtreated mice compared with control mice, whereas Ad-NDNF did not affect the expression of these fibrotic makers in the hearts after sham operation ( Figure II in the Data Supplement).
NDNF Reduces Cardiomyocyte Apoptosis Through Focal Adhesion Kinase/Akt Signaling
To examine the effects of NDNF on apoptosis at the cellular level, neonatal rat ventricular myocytes (NRVMs) and fibroblasts were cultured under conditions of normoxia or hypoxia in the presence or absence of recombinant NDNF protein, and subjected to TUNEL staining. Hypoxia led to an increased frequency of TUNEL-positive NRVMs, which was suppressed by pretreatment with NDNF protein ( Figure 3A ). However, NDNF had no effect on cardiomyocyte apoptosis under normoxic conditions. NDNF treatment also significantly reduced the numbers of TUNEL-positive fibroblasts under conditions of hypoxia ( Figure 3B ).
Because Akt and AMP-activated protein kinase are important regulators that protect cardiomyocytes from apoptosis, [13] [14] [15] [16] we evaluated phosphorylation levels of Akt and AMP-activated protein kinase in NRVMs by Western blot analysis. Treatment of NRVMs with NDNF protein increased phosphorylation of Akt at Ser-473 in a time-dependent manner, whereas NDNF had no effects on phosphorylation of AMP-activated protein kinase at Thr-172 ( Figure 4A ). Consistent with these in vitro data, Ad-NDNF administration augmented the phosphorylation of Akt in the post-MI heart tissues of mice ( Figure 4B ).
Because focal adhesion kinase (FAK) functions upstream of Akt signaling in several types of cells, including cardiac cells, [17] [18] [19] [20] we investigated the possible participation of FAK in NDNF-induced signaling in cardiac myocytes. Treatment of NRVMs with NDNF protein led to enhanced phosphorylation of FAK at Tyr-397 ( Figure 4A ). Moreover, Ad-NDNF administration promoted the FAK phosphorylation in the post-MI hearts of mice ( Figure 4B) .
To examine the contribution of Akt signaling to antiapoptotic actions of NDNF, NRVMs were transduced with adenovirus expressing dominant-negative mutant form of Akt (Ad-dn-Akt) or control Ad-β-gal, and incubated in the presence or absence of NDNF protein. Transduction of NRVMs with Ad-dn-Akt abolished NDNF-stimulated phosphorylation of GSK-3β, which is a downstream mediator of Akt ( Figure 5A ). Transduction with Ad-dn-Akt reversed the suppressive effects of NDNF on hypoxia-induced NRVM apoptosis ( Figure 5B ). Thus, Akt signaling is involved in antiapoptotic function of NDNF in cardiomyocytes under conditions of hypoxia.
To investigate whether FAK is involved in NDNF-induced survival signal in cardiomyocytes, NRVMs were treated with the FAK inhibitor FAK-I14 or vehicle. Pretreatment of NRVMs with FAK-I14 abrogated NDNF-stimulated phosphorylation of Akt ( Figure 5C ). Furthermore, pretreatment with FAK-I14 reversed the inhibitory effects of NDNF on cardiomyocyte apoptosis under condition of hypoxia ( Figure 5D ). These results indicate that NDNF reduces myocyte apoptosis, at least in part, through FAK/Akt signaling pathways.
NDNF stimulates Akt activation and network formation of cultured endothelial cells via an integrin-dependent mechanism. 5 Thus, to clarify the upstream mechanism of NDNFinduced Akt activation and survival of cardiomyocytes, NRVMs were cultured in the presence of integrin-blocking argine-glycine-aspartic acid (RGD)-based peptides (GRGDSP) or control peptides (GRGESP). Pretreatment with GRGDSP peptides suppressed NDNF-stimulated increase in phosphorylation of Akt and FAK in NRVMs ( Figure 6A ). GRGDSP pretreatment also blocked the antiapoptotic effect of NDNF in NRVMs under hypoxic conditions ( Figure 6B ).
NDNF Enhances Endothelial Cell Network Formation Through FAK Signaling
Because NDNF promotes endothelial cell network formation via integrin-dependent activation of Akt and eNOS, 5 we investigated the possible involvement of FAK in NDNF-induced angiogenic signaling in endothelial cells. Treatment of human umbilical vein endothelial cells (HUVECs) with NDNF protein led to increased phosphorylation of Akt and eNOS ( Figure 7A ) in agreement with our previous findings. 5 Likewise, Ad-NDNF administration augmented the phosphorylation of eNOS in the post-MI hearts ( Figure 7B ). Moreover, NDNF treatment increased the concentration of nitric oxide metabolites, nitrite/ nitrate in cultured media of HUVECs ( Figure 7C ). NDNF treatment also stimulated FAK phosphorylation in HUVECs ( Figure 7A ). Pretreatment of HUVECs with FAK-I14 blocked NDNF-stimulated phosphorylation of Akt and eNOS (Figure 7D ). Furthermore, NDNF stimulated network formation of HUVECs cultured on a Matrigel matrix consistent with our previous report, 5 and pretreatment with FAK-I14 abrogated NDNF-induced network formation of HUVECs ( Figure 7E ). These data indicate that NDNF promotes endothelial cell function, at least in part, via FAK/Akt/eNOS signaling pathways.
Discussion
In this study, we found, for the first time, that NDNF improves adverse remodeling of myocardium after chronic ischemia in vivo. Intramuscular administration of NDNF to mice led to elevation of circulating NDNF level and improvement of LV contractile dysfunction after MI, accompanied by reduction of myocyte apoptosis and hypertrophy, and interstitial fibrosis, and enhancement of capillary formation. Treatment of cultured cardiomyocytes with NDNF protein attenuated hypoxia-induced apoptotic activity. Furthermore, treatment with NDNF protein promoted angiogenic response of endothelial cells consistent with our previous report. 5 Therapeutic approaches to attenuate myocardial apoptosis and promote revascularization under pathological conditions are shown to diminish the development of heart failure. [21] [22] [23] Thus, NDNF can ameliorate post-MI remodeling and function through its ability to modulate apoptosis and angiogenesis in the heart by directly affecting the phenotypes of cardiomyocytes and endothelial cells. Moreover, administration of NDNF to mice led to improved LV function in response to I/R or pressure overload. These results indicate that NDNF represents a potential therapeutic target for treatment of various heart diseases.
Akt is reported to reduce cardiomyocyte apoptosis and cardiac ischemic injury. 14 FAK acts as an upstream activator of Akt and functions to promote cardiomyocyte survival and protect the heart from ischemic injury. 24, 25 Our data showed that administration of NDNF to mice led to suppression of myocyte apoptosis in the post-MI heart, which was accompanied by increased phosphorylation of Akt and FAK. In addition, treatment of cardiomyocytes with NDNF protein resulted in reduction of hypoxia-induced apoptosis, which was reversed by blockade of Akt activation. Furthermore, pharmacological inhibition of FAK cancelled NDNF-induced increases in myocyte survival and Akt phosphorylation. Thus, it is likely that NDNF attenuates myocyte apoptosis post MI through activation of FAK/Akt signaling pathway in cardiac myocytes.
Both FAK and Akt are important modulators of angiogenic response in vivo and in vitro. [26] [27] [28] Recently, we reported that NDNF enhances the phosphorylation of Akt and its downstream molecule eNOS, and capillary formation in ischemic skeletal muscle of mice. 5 We also demonstrated that NDNF promotes network formation of endothelial cells through its ability to stimulate the phosphorylation of Akt and eNOS. 5 Here, we have extended these findings by showing that FAK is essential for activation of Akt and eNOS, and endothelial cell function in response to NDNF. Our present study also showed that NDNF enhanced capillary formation in the peri-infarct area after MI with an accompanying increase in eNOS phosphorylation. Therefore, NDNF-mediated activation of endothelial FAK/Akt/eNOS signaling pathways may contribute to enhancement of neovascularization in the post-MI heart, thereby leading to improvement of cardiac dysfunction. Our recent reports also demonstrated that NDNF promotes proangiogenic signaling and response of endothelial cells through integrin-dependent mechanism. 5 Consistent with these findings, we found that an RGD-containing peptide cancelled NDNF-induced increases in cardiomyocyte survival signaling and response. Thus, NDNF can modulate the phenotypes of cardiomyocytes and endothelial cells, at least in part, through the integrin/FAK/Akt regulatory axis. Of interest, NDNF has no RGD motif in its amino acid sequence, and its effect on endothelial cells is blocked by the RGD peptides. 5 Similarly, some integrin ligands, including platelet endothelial cell adhesion molecule, matrix metalloproteinase-2, and cysteine-rich angiogenic inducer 61, have no RGD motif, and their associations with integrin are inhibited by the RGD peptides. [29] [30] [31] Accumulating evidence indicates that skeletal muscle produces various secretory factors, also known as myokines, which can directly act on neighboring and remote organs. [32] [33] [34] We have shown that ischemic insult in hindlimb leads to an increase in muscle and circulating levels of NDNF. 5 It has also been shown that NDNF is mainly expressed in endothelial cells of skeletal muscles and that NDNF secretion from cultured endothelial cells is enhanced in response to hypoxia. 5 In addition, our data showed that NDNF expression was much higher in skeletal muscle than in heart in WT mice ( Figure III in the Data Supplement). Collectively, these results suggest that NDNF can be designated as a myokine that modulates the development of ischemic heart disease in an endocrine manner.
In conclusion, we demonstrated that intramuscular administration of NDNF ameliorates post-MI remodeling and function in mice by its abilities to reduce myocyte apoptosis and promote neovascularization. Recently, we found that NDNF accelerates angiogenic repair of ischemic limbs in a model of peripheral artery disease. 5 These results suggest that NDNF can exert favorable effects on various ischemic cardiovascular disorders. Thus, therapeutic approaches to increase NDNF production or enhance NDNF signaling pathways could be useful for prevention and treatment of cardiovascular diseases.
